The current event-related fMRI study specifies the neuroanatomical correlates of semantic priming and differences in semantic relation types using an auditory primed lexical decision task (LDT). Word pairs consisted of different relation types, associations (key-chain), pure categorical relations (cow-dog), and unrelated words (table-window), as well as word-pseudoword (way-tinne) and pseudowordpseudoword (ahurn-dö va) pairs. The factor lexical status, i.e., the processing of words compared to pseudowords, was associated with activation in the middle temporal gyri and the left striatum. The factor relatedness, i.e., the contrast between unrelated and related target words, was associated with increased activation of the left inferior frontal gyrus, the deep frontal operculum bilaterally, and the middle frontal gyri. A direct contrast between the two semantic relation types indicated that the processing of purely categorical compared to associative information recruits the right precuneus, the isthmus gyrus cinguli, and the cuneus, suggesting more effortful processing of the former information type. The present data show that the factors lexical status, semantic relatedness, and type of semantic relation in a primed LDT modulate the hemodynamic response in cerebral areas that subserve auditory word recognition and subsequent lexical-semantic processing. © 2002 Elsevier Science (USA)
INTRODUCTION
One important factor which has been shown to affect the pattern of brain activation during auditory single-word processing is the task associated with word recognition. Several functional brain imaging studies using positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) have employed "passive" word presentation, i.e., a situation in which no overt response is required from participants. During this kind of task Wise et al. (1991) reported extensive bilateral activations of the primary and secondary auditory areas. These activations appear to be affected by acoustic intensity (Jä ncke et al., 1998) as well as by the rate of word presentation (Price et al., 1992; Dhankhar et al., 1997) . On the other hand, if a subject is required to perform a task requiring access to the meaning of auditory stimuli, the pattern of brain activation is more extensive. For example, if subjects are required to monitor a sequence of animal names for stimuli with predefined features (native to the United States and used by humans), an extensive network of cortical areas in the left hemisphere, including frontal, temporal, and parietal regions, becomes active (Binder et al., 1997) . Similar results were observed when the subjects were monitoring for concrete or abstract words (Chee et al., 1999) .
While the notion of an involvement of posterior temporoparietal regions during semantic processing was largely expected on the basis of lesion data (Hart and Gordon, 1990) , the notion of an engagement of the frontal cortex during semantic tasks was unpredicted by aphasiological findings. Starting from the seminal observation that the left inferior frontal region was activated when subjects were engaged in processing the meaning of single words (generating a verb related to a noun, Petersen et al., 1988) , the role of the frontal lobe in semantics has been the focus of intensive brain imaging investigation.
Before reviewing data about the neurological correlates of lexicosemantic processing, we will briefly discuss the relevant behavioral evidence on tasks that allow one to explore both word recognition and lexical-semantic processing.
One task which can be used for the investigation of the neural correlates of lexical-semantic processing is the lexical decision task, in its "pure" or "primed" version. In a pure lexical decision task subjects are required to differentiate words from pseudowords; responses to words compared to pseudowords are facilitated as the search within the mental lexicon is shorter for lexical entries than for items without a corresponding entry (e.g., Forster and Bednall, 1976; Allen et al., 1995 ; but see Seidenberg and McClelland, 1989; Plaut et al., 1996;  for an alternative connectionist view). Semantic priming in primed lexical decision tasks is a behavioral (e.g., Neely, 1991) and an electrophysiological (e.g., Anderson and Holcomb, 1995) phenomenon which can be observed in auditory and visual word recognition tasks. The main characteristic of semantic priming is that a target word (i.e., dog) is recognized faster when it is preceded by a related prime word (i.e., cat) rather than by an unrelated prime word (i.e., table).
Relevant processing dimensions that affect semantic priming are the stimulus-onset asymmetry (SOA) between a prime and a target word (e.g., de Groot, 1984; Neely, 1991) , the proportion of related prime-target word pairs relative to all words and/or pseudowords in an experimental list (e.g., de Groot, 1984; Neely, 1991) , and the type of semantic relation between a prime-target word pair (e.g., Tyler et al., 1995) . While facilitated responses to related target words at brief SOAs are often considered to reflect automatic or unconscious access to lexical-semantic information (e.g., Collins and Loftus, 1975; McClelland and Rumelhart, 1985) , access to related target words at longer SOAs seem to reflect controlled and conscious processes (e.g., Posner and Snyder, 1975; Neely, 1991) . Furthermore, increasing the proportion of related prime-target word pairs enhances controlled and conscious processes during semantic priming (Neely, 1991) .
Finally, it has been argued that priming as a function of different semantic relation types might reflect different levels of processing (e.g., Lupker, 1987; Shelton and Martin, 1992; Moss et al., 1995) . For example, both pure categorical (cow-dog) and associative categorical (cat-dog) relations produce semantic priming effects, but associative priming appears to be stronger than categorical priming (e.g., Shelton and Martin, 1992; Moss et al., 1995; Kotz, 1998) . Based on these results it has been proposed that categorical priming represents the activation of semantic representations at the conceptual level, while associative priming might reflect activation of associative relationships at the lexical form level, as associative connections between words form over time through co-occurrence of word forms in a language (e.g., Lupker, 1984; Moss et al., 1995) .
Given the clear behavioral evidence that semantic priming affects lexical-semantic processing, the primed lexical decision task might be considered a useful candidate to elucidate the neural correlates of lexical-semantic processing and their modulation further. More precisely, the evidence derived from both the patient and the imaging literature on lexical decision and primed lexical decision allow the formulation of a working hypothesis on the possible role of the left inferolateral frontal area, in particular, and of temporalparietal areas of the language network in semantic priming.
Considering the neural underpinning of these processes, evidence from lesion studies implicates left inferolateral frontal areas in semantic priming. For example, Milberg et al. (1987) argued that Broca's aphasics, whose lesion typically involves the inferolateral frontal region, cannot automatically access lexical-semantic information, while Swinney et al. (1989) and Prather et al. (1991) postulated that the access of lexical-semantic information is intact, but slowed down. The latter results were extended by newer data reported by Blumstein and Milberg (2000) , who claimed that a lexicalsemantic processing impairment in Broca's aphasics results from reduced activation of lexical entries in the lexical network. In contrast, both Tyler et al. (1995) and Hagoort et al. (1997) discussed on methodological grounds that Broca's aphasics can access lexical-semantic information in online tasks. However, Hagoort et al. (1997) described problems of controlled processing during semantic priming in Broca's aphasics. While patient data indicate that the left inferolateral frontal cortex is involved in lexical-semantic processing, its specific role remains a matter of debate. Overall, the lesion data are compatible with the hypothesis that damage to the left inferolateral frontal cortex does not result in a knowledge-based lexical-semantic deficit, but rather affects processing mechanisms that are involved in semantic priming.
Nevertheless, questions remain regarding how and to what extent aspects such as task type, task demands, and methodological changes such as varying SOAs, relatedness proportions, or different semantic relation types, all of which have been classically explored in primed lexical decision tasks (see Neely, 1991 , for a review), affect the left inferolateral frontal cortex during lexical-semantic processing. Last, one immanent open question is which part of the left frontal cortex plays a "regulative" role in lexical-semantic processing. As there is very little description about the localization and extent of the lesions in the above-mentioned patient studies, part of the controversial results could have been the locus and size of the lesion within the left frontal cortex.
The evidence from imaging studies is also controversial. PET and fMRI studies with visual word presentation (e.g., Herbster et al., 1997; Rumsey et al., 1997; Fiez and Petersen, 1998; Price, 1996a; Brunswick et al., 1999) report that the left inferior frontal gyrus (IFG; mainly BA 44/45) is activated in the lexical decision task, but attribute this effect to grapheme-to-phoneme conversion processes. Furthermore, two recent imaging studies (Mummery et al., 1999; Rossell et al., 2001 ) used a visual primed lexical decision task to reveal regions involved in lexical-semantic processes. Both studies described bilateral activation of the inferolateral frontal areas during lexical decision. The activation, however, was not modulated as a function of semantic priming. Mummery et al. (1999) reported that relative to a letter detection task, lexical decision activated the anterior and inferior portions of the left temporal lobe and the inferior frontal gyrus bilaterally (BA 47) with a left-sided prevalence. Semantic priming was inferred from the presence of correlations between the proportion of related targets and the activation in four brain areas. Activity in the left anterior temporal lobe, the anterior cingulate cortex, the right superior parietal lobe, and the right premotor region decreased as a function of increasing the amount of related targets in the experimental set. The authors concluded that the left anterior temporal lobe is sensitive to lexical-semantic processing, while the left anterior cingulate and the right parietal lobe regulate attentional processes of semantic priming. Similarly, Rossell and colleagues (2001) found bilateral inferior frontal activation (BA 44/45) associated with lexical decision. They argued that semantic priming, when varied as a function of short and long SOAs, modulates the activity of the left anterior cingulate cortex (ACC). The authors confirmed this predication and reported activation of the left rostral ACC for short SOA semantic priming and the caudal ACC for long SOA semantic priming. In addition, activation of right-hemisphere areas (i.e., insula, superior temporal gyrus) were seen for both SOAs, while for long SOA priming, the bilateral middle temporal gyri, the putamen, the hippocampus, and the right supramarginal gyrus were activated as well.
To summarize, the imaging studies that have used lexical decision and primed lexical decision tasks reveal that the activation of the inferior frontal region seems to occur only when lexical decision is in focus, independent of priming effects. However, while the activation of temporal lobe regions during lexical-semantic processing seems to occur independent of task demands (e.g., Price et al., 1994 Price et al., , 1997 Rumsey et al., 1997; Mummery et al., 1996; Vandenberghe et al., 1996) , the activation of the inferolateral frontal cortex appears to be more variable and to correlate with task demands. The latter point is particularly relevant as there is recent imaging evidence indicating that the inferior frontal cortex (i.e., BA 45/47) activation is dependent on the specific processing requirements of the semantic task, suggesting a strategic role in semantic processing (Fiez, 1997; ThompsonSchill et al. 1997; Mummery et al., 1999; Friederici et al., 2000b) . On the other hand, some of the lesion data implicating the inferolateral frontal region in semantic priming have suggested an automatic role in semantic processing (e.g., Milberg et al., 1987) . Given the processing dimensions (e.g., SOA, relatedness proportion, semantic relation types) that can influence semantic priming one would expect a modulation of the left inferolateral frontal area by semantic priming.
Another possible indication that the inferolateral frontal area may actually be involved in semantic priming comes from a different class of priming tasks, i.e., repetition priming. Buckner et al. (2000) have recently shown that activation of left frontal regions decreases as a function of item repetition in both the auditory and the visual modality. As response facilitation of repeated items and related items shows behavioral parallels, it is plausible to speculate that neuronal activation would also show similarities (i.e., decreased activation for repeated and related items compared to new or unrelated items in the left IFG). The authors proposed that this modulation of the left IFG might reflect processing stages of lexical/semantic search and access. Thus, evidence from repetition priming further supports the argument that the left inferolateral frontal area plays a role during semantic priming.
A major open question then remains about the reasons why the previous imaging studies on semantic priming failed to show a modulation of the inferolateral frontal region for semantic priming. In the first place, there are methodological factors to be considered. Both reported visual semantic priming studies used a block design. In particular, Mummery and colleagues critically stated that the mode of operation (i.e., block design) might influence the role of the frontal lobe during a specific task. The block design condition might be expected to minimize the requirements for regulation of the operation mode, a function which has been attributed to the frontal lobe.
Second, modality-specific aspects could also play a role. As most of the discussed studies were conducted in the visual modality one conclusion is that the left inferolateral frontal area activation reflects grapheme-to-phoneme conversion during lexical decision.
In the present experiment we investigated the neural mechanisms associated with auditory word recognition and their modulation by semantic priming in a primed lexical decision task. In addition, we explored semantic priming as a function of semantic relation types (associative vs categorical). This allowed us to look at the effects of auditory lexical decision by contrasting the activation of words and pseudowords, semantic priming in general, and associative and categorical semantic relations. The main focus of the investigation was to clarify the respective contribution of the inferolateral frontal cortex and of temporoparietal areas in semantic priming.
The following predictions were made for the respective effects. The contrast of the pseudoword and word condition was expected to provide further evidence for the effect of lexical status in auditory processing. While this aspect has been extensively investigated in the visual modality (see, for example, Hagoort et al., 1999; Fiebach et al., 2002) , relatively little attention has been devoted to auditory processing. The inferolateral frontal area has been consistently found to be more active in the case of pseudowords, but only with visual presentation. In the case of auditory presentation, the increase in brain activity associated with pseudoword processing has been suggested to affect the posterior temporoparietal areas (Newman and Twieg, 2001 ).
As summarized above, two critical aspects, methodology and modality, may be responsible for the lack of primingrelated modulation of the left inferolateral frontal area in the previous imaging experiments (Mummery et al., 1999; Rossell et al., 2001 ) that investigated semantic priming. With regard to modality, the current experiment chose to utilize the auditory-primed lexical decision task to investigate priming effects in a different modality. If activation of the left inferolateral frontal area results from increased processing demands for unrelated targets, and not from graphemeto-phoneme conversion, the activation should be evident in the auditory modality. Controlled processing conditions (i.e., short interstimulus interval (ISI) between prime and target words) should therefore induce facilitation of related targets reflected in a decrease of activation in the left inferolateral frontal area, while activation should be greater for unrelated targets, reflecting increased processing demands. Last, the facilitation of different semantic relations may induce differential activation of associative and categorical information (see Tyler et al., 1995) . In particular, right-hemisphere engagement is expected for categorical information processing (e.g., Chiarello et al., 1992) .
In terms of the methodology, an event-related design should reveal lexical effects as well as semantic priming effects with greater sensitivity. If trials from different conditions (i.e., related vs unrelated, words vs pseudowords) are presented in a pseudorandomized order, this allows for a direct contrast of critical experimental conditions and should avoid predictability and sequence effects.
METHODS

Material
The acoustic stimulus material was spoken by a trained female speaker. Word intonation was controlled by presenting critical words and pseudowords in a sentence to keep the contours across words and pseudowords comparable. Critical items were then cut out of the sentence, digitized, and edited with the COOL software (Syntrillium Software Corp.). During auditory word presentation, volume was controlled by the software gain controls and the manual configuration of the sound card. A total of five word-pair conditions were created: associatively related, Schlü ssel-Kette (key-chain); categorically related, Kuh-Hund (cow-dog); unrelated, TischFenster (table-window); word-pseudoword: Haus-Tubel (house-tubel); and pseudoword-pseudoword, ahurn-döva. Categorical relationships were formed by exemplars of the same semantic category, coming from a range of categories. The factor animacy and frequency (Baayen et al., 1995) was controlled for target words across all critical conditions. Pseudowords were constructed by changing one phoneme from a real German word (diva-döva). Word associations were normed in a word generation test. Fifty-four subjects volunteered to generate up to three word associations for each of the 180 target words. Subjects were instructed to proceed as fast as possible without revising or rethinking their written word generation. The word association norms were generated to ensure that none of the generated primes were utilized as prime words in the categorical condition. Categorical prime words that were generated as associated prime words were excluded from the categorical word list. Furthermore, evaluated on a 5-point scale, the strength of the semantic relationship and the similarity of critical targets were evaluated in a norming study. Two experimental lists were created so that related target types were not repeated within one list. For specific information about the stimulus material see Table 1 .
To reduce scanner noise and to ensure the quality of the speech presentation, external ear defenders and perforated ear plugs that conducted the sound directly into the auditory passage were applied.
Subjects
Thirteen right-handed native speakers of German (7 female, mean age 23.5 years) listened to the auditory presentation of word and pseudoword pairs via headphones in the scanner. All subjects had normal hearing and no history of neurological, major medical, or psychiatric disorders. Before the scanning session written consent was obtained from all participating subjects according to the ethics committee regulations of the University of Leipzig, Germany.
Psychophysical Procedure
Each subject was presented with one of two lists of 320 stimulus pairs (160 word pairs, 40 associatively related, 40 categorically related, and 80 unrelated; 80 word-pseudoword pairs; and 80 pseudoword-pseudoword pairs) that were split into four runs of 80 pairs each. A trial started with a prime word followed by an interstimulus interval of 100 ms and the target word. The intertrial interval (ITI) was 8 s. Given the thorough randomization of the trials, a short ITI in eventrelated fMRI studies has become acceptable, as hemodynamic responses can be obtained in rapidly spaced designs with randomly mixed trial types (Dale et al., 1997; Miezin et al., 2000; Pollmann et al., 2000) . Participants were instructed to decide whether the target word was a German word by pressing a left response key for pseudowords and a right response key for words or vice versa; this was counterbalanced across subjects. Single trials were presented in a pseudorandomized order to balance sequence effects.
Behavioral Data Acquisition
Mean reaction times (RTs) and percentage error were calculated for each subject and across subjects for each of the critical conditions (word and pseudoword, unrelated and related, categorical and associative).
Imaging Data Acquisition
"Global shimming" for each individual subject was applied to adjust field homogeneity before MRI data acquisition. The alignment of structural and functional slices was based on the acquisition of scout echo sagittal scans that defined the anterior and posterior commissures on a midline sagittal section. Structural (T1) and functional (T2*) images (four gradient echo-planar sequences; TE ϭ 40 ms; TR ϭ 2000 ms) were acquired in eight horizontal slices along the bicommissural plane (AC-PC plane; thickness 5 mm; gap 2 mm) from a 3.0-T system (Bruker 30/100 Medspec). The in-plane resolution was 3 ϫ 3 mm (FOV 19.2 cm). Due to the use of acoustic stimuli, only eight slices were acquired, as extensive pretesting confirmed that the volume of the EPI sequence would interfere with the differentiation of words and pseudowords. Thus, two slices were positioned below the AC-PC plane and six above, resulting in a field of view extending from Ϫ14 to ϩ40 in the z axis. The planes therefore covered all parts of the perisylvian cortex and the midfrontal gyrus according to the posed neuroanatomical hypotheses.
Behavioral and Imaging Data Analyses
Behavioral data were subjected to a statistical analysis of variance with the three-way factor Relatedness (associatively related vs categorically related vs unrelated) for the RTs and percentage correct (Table 2) . Where necessary follow-up analyses of more than two comparisons were Bonferroni adjusted. We report all P values as Ͻ0.01, Ͻ0.05, or Ͼ0.05. For the experimental run, the first four trials were excluded from the analyses to allow for stability in magnetization. Data processing was realized with the LIPSIA software (Lohmann et al., 2001) . Functional data were reconstructed, and corresponding runs (four runs with 320 scans each, run duration 10 min) were concatenated into a single run before the reconstruction of the MR signal. A temporal high-pass filter with a cut-off frequency of 1/80 Hz was used for baseline correction of the signal. The increased autocorrelation due to filtering was taken into account during statistical evaluation.
A rigid linear registration with 6 df (3 rotational, 3 translational) was performed to align the functional data slices onto a 3-D stereotactic coordinate reference system. The rotational and translational parameters were acquired on the basis of the MDEFT slices to achieve an optimal match between these slices and the individual 3-D reference data set, which was acquired before the first run for each subject. The MDEFT volume data set with 160 slices and 1-mm slice thickness was standardized to the Talairach stereotactic space (Talairach and Tournoux, 1988) . The same rotational and translational parameters were normalized, i.e., transformed by linear scaling to a standard size. The resulting parameters were then used to transform the functional slices using trilinear interpolation to align the resulting functional slices with the stereotactic coordinate system. The General Linear Model for serially autocorrelated observations was used for statistical evaluation based on a least-squares estimation (see also Friston, 1994; Worsley and Friston, 1995; Aguirre et al., 1997) . First, for each participant, statistical parametric maps were generated and then averaged across subjects (Bosch, 2000) . The design matrix was generated utilizing a synthetic hemodynamic response function (Friston et al., 1998) and a response delay of 6 s. The model equation, including the observation data, the design matrix, and the error term, was convolved with a Gaussian kernel with a dispersion of 4 s FWHM. The model includes an estimate of temporal autocorrelation that is used to estimate the effective degrees of freedom. The contrast between critical conditions was calculated using the t statistic. Subsequently, t values were transformed to Z scores. As the individual functional data sets were all aligned to the same stereotactic reference space, a group analysis of fMRI data was performed by averaging individual Z maps and multiplying each Z value by the square root of N (N is the number of participants; Bosch, 2000) . To protect against false positive activations, only regions with a Z score greater than 3.1 (P Ͻ 0.001 uncorrected) and with a volume greater than 180 mm 3 (four connected voxels) were considered (Braver et al., 2001) . Furthermore, error trials were rejected from all analyses.
RESULTS
Behavioral Data
Comparing the response times to words and pseudowords that reflect the factor lexical status revealed that participants responded faster to words than to pseudowords: F[1,12] ϭ 19.22, P Ͻ 0.01. Looking at semantic priming, a main effect of Relatedness, F[2,24] ϭ 27.11, P Ͻ 0.01, revealed that participants responded faster to related than to unrelated target words. Differences between categorical and associative target responses approached significance (P ϭ 0.053). In general, subjects made the same amount of errors responding to words and pseudowords (P Ͼ 0.05). Thus, the high performance level which was on average above 92% correct showed that subjects were able to differentiate the auditory target items to a high degree in the scanner. Analyzing the percentage error data for semantic priming, there was a main effect of Relatedness, F[2,24] ϭ 11.26, P Ͻ 0.01, indicating that participants made more errors responding to unrelated than to related targets. Participants made equal amounts of errors responding to associatively and categorically related targets: P Ͼ 0.05. An overview of the results can be seen in Table 2 .
Imaging Data
Lexical Effect
The pattern of brain activation associated with the lexical status for target words contrasted with target pseudowords is shown with its Talairach coordinates for the peak activity (Talairach and Tournoux, 1988) in Table 3 and graphically displayed in Figs. 1A and 1B. The activations related to words involved the bilateral middle temporal gyrus (MTG), the left angular gyrus, and the left putamen and caudate subcortically. In contrast, pseudowords elicited more activation in the right deep frontal operculum, the right middle frontal gyrus (MFG), the bilateral inferior frontal sulcus (IFS), and the left anterior and middle superior temporal gyrus (STG).
Semantic Priming Effect
The semantic priming effect resulting from the contrast between targets preceded by an unrelated prime and targets preceded by a related prime is shown in Table 4 and Fig. 2 . Unrelated target words showed differential activation in the left IFG, the bilateral deep frontal operculum, the bilateral MFG, the left IFS, and the bilateral planum temporale. In contrast, related target words showed enhanced activation in the left posterior MTG, the left postcentral sulcus/parietal operculum, and the left cuneus.
Semantic Relation Effect
The direct contrast between categorical and associative semantic relation types revealed differences in activation only for the categorical type (see Table 5 ), in the right precuneus, right isthmus gyrus cinguli, and right cuneus. No areas were more active for the associative relation type.
DISCUSSION
The current event-related fMRI study set out to find the neuroanatomical correlates of auditory lexical decision and their modulation by semantic priming. Furthermore, we wanted to test whether the neural substrate of lexical-semantic processing is differentiated according to semantic relation types. It was predicted that, due to the lexicalsemantic processing nature of the task, a widespread activation of the left language cortex should be found. On the basis of previous imaging evidence, we postulated that semantic priming would modulate a network of areas, including the anterior temporal lobe (Mummery et al., 1999) , but not the cingulate cortex (Mummery et al., 1999; Rossell et al., 2001 ), as we used a short ISI between prime and target words. A possible role for the left inferior frontal gyrus was predicted on the basis of lesions studies (see the introduction), as well as neuroimaging studies on lexical-semantic processing (e.g., Thompson-Schill et al., 1997) . Furthermore, previous behavioral and clinical evidence (Chiarello et al., 1992; Hagoort et al., 1996; Kotz et al., 1999) indicated that the hemodynamic response to semantic relation types is likely to result in differential activation patterns, with a possible participation of the right hemisphere in the case of categorical priming. In the following discussion, we first address the behavioral results and then the imaging results, focusing in turn on the lexical effect, the semantic priming effect, and the semantic relation effect.
Behavioral Effects
With regard to the reaction time data, earlier findings were confirmed as lexical decision times were faster for words than for pseudowords (e.g., Holcomb and Neville, 1990; Neely, 1991) . This has been attributed to exhaustive search in the mental lexicon (e.g., Forster, 1976) . Alternatively, it has been claimed that pseudowords are inhibited by stronger lexical candidates (i.e., words), in particular when they are similar to words (Marslen-Wilson and Welsh, 1978; Elman and McClelland, 1984; Seidenberg and McClelland, 1989) . Significant priming showed that participants were sensitive to the semantic relations between related prime-target pairs. Also, according to the predictions, semantic relation types differed in RTs. Subjects took longer to respond to a categorically related target word than to an associatively related target word (see also Neely, 1991; Moss et al., 1995) . Thus, the present data do support the argument that the processing of associative and categorical semantic relations varies during lexical-semantic processing. A plausible explanation of this difference is that associative relations boost lexical-semantic processing .
Lexical Effect
During auditory lexical decision at the neural level, we observed the activation of a network of cerebral areas which are known to be engaged by lexical-semantic processing. As expected, these include frontal and temporal regions, as well as subcortical structures, with a left-sided prevalence.
Additionally, the current results provide clear evidence for stronger word than pseudoword activation in the left lateral temporal region and subcortical areas. On the other hand, for Tables 3, 4 , and 5 list the results of direct comparisons between conditions. Z score indicates the magnitude of statistical significance. Localization is based on stereotactic coordinates (Talairach and Tournoux, 1988) . These coordinates refer to the location of maximal activation indicated by the Z score in a particular anatomical structure. Distances are relative to the intercommissural (AC-PC) line in the horizontal (x), anterior-posterior (y), and vertical (z) direction. Thresholds for functional activation were set at Z Ն 3.1. Only activation clusters exceeding a minimal volume size of 180 mm 3 (Ͼ4 connected voxels) are listed.
pseudowords a clear bilateral frontolateral activation was found, which nevertheless did not include the inferior frontal gyrus. Words elicited stronger left cortical (MTG and angular gyrus) and subcortical activation (striatum) than pseudowords. Activation of the left middle temporal gyrus confirms previous evidence that links phonological word form processing Hagoort et al., 1999) , lexical-semantic processing (Pugh et al., 1996) , or semantic task demands (Friederici et al., 2000b) to activation of this area. Furthermore, activation of the angular gyrus during lexical and semantic word processing confirms earlier reports (Petersen et al., 1988; Demonet et al., 1992; Kapur et al., 1994; Demb et al., 1995; Vandenberghe et al., 1996; Binder et al., 1997 Binder et al., , 1999 Price et al., 1997) . The activation of the left striatum is in agreement with lesion data, supporting its role in lexical-semantic processing (Wallesch and Papagno, 1988) . In addition, a number of imaging studies have reported activations in the left putamen during language processing, but have not discussed its functional significance (e.g., Klein et al., 1994; Price et al.,1997) .
The direct comparison used in the present experiment did not highlight activation in the inferior frontal gyrus associated with pseudoword processing, but rather in the IFS. Bilateral activation of this inferior frontal region for pseudoword processing in the auditory modality has been reported in PET studies and has been linked to explicit analyses of phonological units or sequences (Demonet et al., 1992 (Demonet et al., , 1994 Fiez et al., 1995; Zatorre et al., 1992 Zatorre et al., , 1996 . Similarly, Friederici et al. (2000a) showed in an auditory fMRI study that bilateral frontal areas are activated during the perception of pseudowords and pseudosentences. It was argued that deviant-to-normal speech input causes greater effort to discriminate sound segments during initial phonological analysis. Thus, the bilateral activation of the IFS for pseudowords is completely in line with previous evidence for auditory word processing.
Furthermore, for auditory pseudoword processing, we report activation of the left STG, an area that has previously been found for words (Binder et al., 1994 (Binder et al., , 1996 Friederici et al., 2000a) . As pseudowords in the current experiment were very word-like, it is plausible that an attempt was made to lexicalize these pseudowords.
On a critical note, the current data as well as other findings (Newman and Twieg, 2001 ) are in contrast to results reported by Binder et al. (2000) , who did not report activation differences between words and pseudowords. Several factors could have influenced this discrepancy. First, the present experiment utilized an event-related design rather than a blocked design. Second, words and pseudowords were directly contrasted rather than compared to another decision (i.e., letter decision) or a resting baseline. Therefore, methodological aspects could have enhanced differences between word and pseudoword activation patterns (see Mummery et al., 1999 , but also Binder et al., 2000 . It is also possible that subjects in the primed lexical decision task were processing lexical and semantic information in parallel (see also Price et al., 1996a) . Thus, differences between words and pseudowords might have been enhanced by the secondary semantic priming task (see Demonet et al., 1992 Demonet et al., , 1994 Howard et al., 1992; Perani et al., 1996; Price et al., 1996b; Binder et al., 1999;  for similar results when secondary tasks were involved).
Semantic Priming Effect
Regarding semantic priming, our results confirm the modulation of activation in the temporal lobe (e.g., Mummery et al., 1999) and in several frontal areas, including the left inferior frontal gyrus. This is in agreement with the hypothesis that activation in the left IFG varies as a function of semantic priming and does not merely reflect lexical-semantic information processing (see also Friederici et al., 2000b , for similar findings in receptive language tasks, but see also Mummery et al., 1999; Rossell et al., 2001) .
The functional role of the left IFG during lexical-semantic processing is controversial. As summarized by Poldrack et al. (1999) , it seems unlikely that the left IFG subserves semantic memory representations, as lesions in this area do not result in deficits of semantic knowledge. Rather, it has been suggested that activation of the left IFG might reflect "selection among competing alternatives regulated by semantic knowledge or recent experience" (see Thompsen-Schill et al., 1997) . The stronger activation for unrelated than for related target words observed in the current study is in line with this view: the left IFG is activated, as selection for unrelated targets is more demanding than for related targets. This means that related targets are facilitated by the ongoing spreading activation of the prime, while unrelated targets necessitate greater effort in accessing a target word from semantic memory. Such an interpretation is further supported by the present behavioral data, as the responses to unrelated targets were significantly slower than the responses to related targets. A similar interpretation can also be found in the behavioral literature on the underlying processing mechanisms of semantic priming (e.g., Neely, 1991) . In addition, the left IFG is also thought to involve different "executive" mechanisms such as retrieval, selection, and evaluation (see for an overview Poldrack et al., 1999 , and for imaging studies Petersen et al., 1988 Petersen et al., , 1990 Demonet et al., 1992; Kapur et al., 1994; Buckner et al., 1995; Demb et al., 1995; Martin et al., 1995; Gabrieli et al., 1996; Wagner et al., 1997) .
The modulation of the middle frontal gyrus is also in agreement with previous imaging studies of lexical-semantic processing (Petersen et al., 1988; Buckner et al., 1995; Grabowski et al., 1998; Binder et al., 1997) and can be interpreted in a similar fashion. In particular, Grabowski et al. (1998) have argued that activation of the MFG might correlate with the extent of mental search and response latency since they found stronger MFG activation and longer re- Note. Functional activation indicated separately for contrast between conditions. For explanations see Table 3 .
sponse latencies for specific word categories (names compared to tools or animals) in a category retrieval task. Such an argument could also be applied to the current results. Longer response latencies for unrelated target words than for related target words and enhanced activation of the bilateral MFG for unrelated target words could be the result of an extensive search in the semantic network It is noteworthy that the activation for unrelated target words was bilateral, which might be related to higher retrieval effort and reduced decision certainty (see Rugg and Wilding, 2000 , for righthemisphere MFG activation). Again, this interpretation is in accordance with the longer reaction times and higher error rates for unrelated compared to related target words. A similar interpretation could be proposed for the left IFS activation.
Further notice needs to be given to the stronger bilateral activation of the deep frontal operculum for unrelated rather than for related target words. Similar activation has been reported during speech production, i.e., for articulatory planning (see Price, 2000) , for word retrieval after hearing a repeated word (Buckner et al., 1995) , or for naming after single-word reading (Moore and Price, 1999) . As activation of the deep frontal operculum was also found during the perception of semantically empty, but syntactically structured, speech (Friederici et al., 2000a) , it is possible that this brain area functionally serves as a co-occurring template match (i.e., prior experience) that allows one to evaluate semantic and structured relations between words or pseudowords.
Modulation of the bilateral planum temporale by unrelated targets is in accordance with the interpretation that the temporal lobe plays a crucial role in lexical-semantic processing (see Mummery et al., 1999) , but more specifically during semantic priming (Mummery et al., 1999) . It must be underlined, however, that the anterior part of the temporal lobe was not present in the field of view adopted for the present study. It is noteworthy that reduced and delayed semantic priming effects have been observed in patients with either left or right anterior temporal lesions (Kotz et al., 1999; Kotz and Friederici, 2002) , further supporting the notion that semantic priming is modulated in the anterior temporal areas of both hemispheres.
The only areas which were more activated for related than for unrelated target words were the left posterior MTG, the left postcentral sulcus/parietal operculum, and the left cuneus. While activation of the left MTG has been reported for lexical retrieval of semantic (Friederici et al., 2000b) and categorical information (e.g., Grabowski et al., 1998) , the left cuneus has been functionally linked to visual imagery . Thus, the two areas of activation might reflect specific retrieval processes, but also visual imagery as a function of concreteness for semantically related target words. One tentative and highly speculative interpretation could be to view this activation as part of a frontotemporal integrative semantic network, possibly involving visual imagery.
The lack of anterior cingulate activation in the present study stands in contrast to the two visual priming studies reported above. We attribute this difference to the fact that in the current study the ISI was short, and the proportion of related target words was low. Therefore, any modulation of the cingulate cortex which has been related to attentional demands during semantic priming was not expected.
Semantic Relation Effect
Finally, we turn to the differences in activation associated with semantic relation types. The only differences were observed in the case of categorically related targets which elicited activation of the right isthmus gyrus cinguli, the right precuneus, and the right cuneus. This implies that processing of categorical relations may be more effortful and also depends on right hemispheric areas. Supporting evidence comes from hemifield studies (Chiarello and Richards, 1992; Beeman et al., 1994) that utilized both RTs and fMRI and indicated a right-hemisphere advantage for pure coexemplar relations in comparison to associative relations. Such an interpretation also conforms with lesion studies that propose that the processing of coarse semantic information requires right-hemisphere involvement. Hagoort et al. (1996) and Swaab et al. (1998) , for example, reported reduced coexemplar (categorical) priming in patients with broad right-hemisphere lesions. Extended right anterior temporal lobe lesions appear to result in both pure categorical and associative categorical priming deficits in comparison to pure associative priming (Kotz et al., 1999) . These findings are in line with the hypothesis that neural processes underlying categorical relations involve more processing effort than those underlying associative relations.
CONCLUSION
In summary, the present data indicate that the left inferolateral frontal region and bilateral temporal areas are crucial components of the neuronal network processing lexical-semantic information modulated by semantic priming. In addition, there are differences in the pattern of brain activation according to semantic relation types (categorical or associative). The current data further specify the functional role of frontal, temporal, and subcortical areas of the lexical-semantic language network by revealing the effects of specific processing dimensions that modulate semantic priming in the auditory modality. Thus, the current fMRI data give evidence to the notion that the left inferolateral area plays a central role in lexical-semantic processing.
